The objective of this study was to determine if a reduction in dietary CP, with partial replacement of the intact protein with crystalline AA (CAA), would alter growth, morphology, and free or peptidebound AA concentrations of intestinal mucosa in growing pigs. Twenty-four barrows (37.0 ± 1.5 kg of BW) were fed 1 of 4 diets for 24 d: 16.1% CP with no CAA, or 12.8, 10.1, or 7.8% CP (analyzed values, as-fed) containing CAA. As CP decreased, CAA were gradually increased to meet requirements on a true ileal digestible basis. Pigs were euthanized 2 h postmeal on d 24, and mucosal samples from duodenum, jejunum, and ileum were collected. Reducing dietary CP decreased ADG, G:F, and final weight (linear, P < 0.05). With reduced dietary CP, mucosal protein concentration decreased in the jejunum (quadratic, P < 0.05) and tended to decrease in the ileum (linear, P = 0.062). Reduction of the dietary CP concentration from 16.1 to 7.8%
INTRODUCTION
In growing pig diets, crystalline AA (CAA) can be used as replacement for protein-bound AA to improve protein quality and reduce fecal N excretion (Kerr and 1 This study was supported by the National Pork Board, the Michigan State Agricultural Experiment Station, and a postdoctoral fellowship from the Fond pour la Formation des Chercheurs et l'Aide à la Recherche (FCAR) du Québec. The authors wish to thank J. Moore, K. Ochonicky, J. Pérez Laspiur, P. Ku, and C. Wickens for their assistance in animal handling, tissue collection, and laboratory analysis and Duane E. Ullrey for reviewing the manuscript. tended to decrease the crypt depth (linear, P < 0.10) and decreased villus width (linear, P < 0.05) in duodenum and jejunum mucosa but did not reduce villus height or villus surface area in any regions of the small intestine. In the duodenum, a reduction in dietary CP increased free Lys, Met, and Thr (linear, P < 0.05) and peptide-bound Lys and Thr (quadratic, P < 0.10). In the jejunum, reducing CP decreased free Cys (linear P < 0.05) and tended to decrease free Asn and His (linear, P < 0.10) and peptide-bound His (quadratic, P = 0.061) and Ile, Leu, and Val (linear, P < 0.10). In the ileum, reducing CP decreased free Asn, Ser, Tyr, Arg, His, Phe (linear, P < 0.05), and Leu (linear, P = 0.054) and peptide-bound Gly and Ser (linear, P < 0.05) and tended to decrease peptide-bound Ile, Leu, Phe, Val (linear, P < 0.10), and Lys (linear P < 0.05). In conclusion, reduced-CP diets supplemented with CAA lead to a reduction in growth performance, associated with biochemical and morphological modifications of the intestinal mucosa. Easter, 1995; Le Bellego et al., 2002; Otto et al., 2003) . However, feeding diets severely reduced in CP led to reduced growth rate and N retention in several studies (Gomez et al., 2002; Zervas and Zijlstra, 2002; Otto et al., 2003) , despite dietary inclusion of CAA to restore the indispensable AA. In pigs, feeding low CP diets without AA supplementation decreases total protein mass of portal-drained viscera and reduces rate of mucosal protein synthesis in the jejunum (Sève et al., 1993; Ebner et al., 1994; Wykes et al., 1996) . Minimal level of enteral nutrients is necessary to sustain normal mucosal growth and to maximize intestinal protein accretion Stoll et al., 2000) . It is unknown whether reduced-CP diets supplemented with CAA can maintain growth and integrity of the intestinal mucosa. The intestinal tract may be limited in its ability to utilize CAA and consequently may depend on a minimum dietary level of AA in peptide-bound form to sus- 16.1% CP = corn-soybean meal diet without crystalline AA (CAA); 12.8% CP = corn-soybean meal diet with CAA supplemented to meet true ileal digestible requirements; 10.1% CP = corn-soybean meal diet with CAA supplemented to meet true ileal digestible requirements; 7.8% CP = CP corn-cornstarch diet with CAA supplemented to meet true ileal digestible requirements. tain intestinal mucosal integrity. This question is based on the notion that absorption of AA by mucosal cells occurs partially in the form of di-and tripeptides (Leibach and Ganapathy, 1996) in diets containing intact ingredients as a source of protein-bound AA.
The study presented here addresses in part whether or not dietary inclusion of CAA affects intestinal mucosal functions. We hypothesized that CAA used as replacements for limiting indispensable protein-bound AA in reduced-CP diets cannot sustain normal intestinal growth and morphology when dietary CP is severely restricted. The objectives of this study were to determine 1) if partial replacement of protein-bound AA with CAA can maintain normal gut growth and morphology; and 2) whether or not the impaired intestinal growth and morphology are associated with reduction in peptide-bound AA in the intestinal mucosa.
MATERIALS AND METHODS

Experimental Diets
Four diets were formulated to contain corn and soybean meal as the source of protein-bound AA (Table 1) .
Analyzed CP concentration values were 16.1, 12.8, 10.1, and 7.8% for 15% CP, 12% CP + CAA, 9% CP + CAA, and 6% CP + CAA diet, respectively. The analyzed CP concentrations are used throughout the manuscript to identify the respective diets. The 16.1% CP diet was formulated using corn and soybean meal to meet the true ileal digestible requirement for Lys for a 50-kg barrow with a predicted lean growth rate of 325 g/d (NRC, 1998) . Ratios between corn and soybean meal were increased to achieve 12.8 and 10.1% CP. In the 12.8% CP diet, Lys, Thr, and Trp were limiting; thus, crystalline L-LysؒHCl, L-Thr, and L-Trp were included to meet the true ileal digestible requirement for those AA (NRC, 1998) . In the 10.1% CP diet, additional AA were limiting, including Met, Ile, Val, and Phe; thus, crystalline sources of those AA were included. The 7.8% CP diet contained corn as the sole source of proteinbound AA. In the 7.8% CP diet, all indispensable AA were limiting and thus were included in their crystalline form. Nutrient composition, including analyzed and calculated AA composition of each diet, is presented in Table 2 .
Animals and Housing
Animals were managed throughout the study in accordance with requirements of the Michigan State University All University Committee on Animal Use and Care. Twenty-four barrows (Yorkshire-Landrace; 37.0 ± 1.5 kg of initial BW) were selected from 6 litters and transferred to individual metabolism crates (1.5 × 1.5 m). Growing pigs were housed in a temperature-controlled room kept at 20 ± 2°C with constant lighting. Growing pigs received 2.0 kg of the 16.1% diet daily during the first 4 d and were then assigned according to their initial BW to the 4 dietary treatments in a randomized complete block design with 6 pigs per treatment. Feed was provided daily in 2 equal meals (0800 and 1600) for 24 d. Feeding level was adjusted weekly to provide 5 times the ME required for maintenance (106 kcal/kg of BW 0.75 ), and pigs had free access to water at all times. Pigs were weighed at the beginning of the study (d 0), on d 7, 14, and 21, and before euthanasia on d 24. Feed intake was measured daily.
Tissue Collection
On d 24, pigs were fed 2 h before euthanasia. Pigs were first sedated with an i.m. injection (0.029 mL/kg of BW) of 250 mg of zolazapam, 250 mg of tiletamine diluted in 2.5 mL of ketamine solution (100 mg/mL), and 2.5 mL of xylazine-100 (100 mg/mL). After sedation, pigs were euthanized with an intravenous administration of pentobarbital (86.27 mg/kg of BW).
The entire small intestine was quickly removed and freed from the mesentery. The segment from the pyloric anthrum to 100 cm caudal to the pyloric anthrum was considered the duodenal region; the segment extending 16.1% CP = corn-soybean meal diet without crystalline AA (CAA); 12.8% CP = corn-soybean meal diet with CAA supplemented to meet true ileal digestible requirements; 10.1% CP = corn-soybean meal diet with CAA supplemented to meet true ileal digestible requirements; 7.8% CP = CP corn-cornstarch diet with CAA supplemented to meet true ileal digestible requirements.
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Values for true ileal concentrations of indispensable and dispensable AA were estimated using specific ileal digestibility coefficients provided by NRC (1998) and Stein et al. (2001) for indispensable and dispensable AA, respectively.
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Values for DE, ME, and NE were calculated according to NRC (1998). from the cecum to 100 cm cranial to the cecum was considered the ileal region; and the segment between the duodenum and ileum was considered the jejunal region (Yen, 2001) . For each segment, 5 cm from the middle section was removed for histological analysis, and the adjacent 20 cm was used for biochemical analyses.
The 20-cm intestinal segments were rinsed thoroughly with ice-cold saline solution (0.9% NaCl), opened lengthwise, blotted dry, and weighed. The mucosa was scraped from the underlying tissue using a glass slide, immediately transferred into liquid N, and then stored at −80°C until analysis. The intestinal segments were then weighed without mucosa to estimate mucosal weight for each 20-cm intestinal segment. Mucosal weight for the 20-cm segment was used to express the biochemical composition and enzymatic activities on the basis of intestinal length (i.e., mass or activity, respectively, per unit of intestinal length).
The 5-cm intestinal segments for light microscopic analysis were immediately perfused with ice-cold saline solution to remove debris. Each of these segments was opened, pinned villus-side up, and fixed in 10% formalin solution (Sigma-Aldrich Co., St. Louis, MO) for 24 h. Each segment was then cut into 4 pieces and maintained in 10% formalin solution until examined. The entire procedure was completed within 35 min after euthanasia.
Biochemical Analyses
The mucosa from each segment was homogenized with a tissue homogenizer (Ultra-Turrax T27, IKA-Labortechnik, Stenfer, Germany) using a 0.4:2.5 (g/mL) ratio of tissue and phosphate-buffered saline EDTA (0.05 M NaPO 4 , 2.0 M NaCl, 2 × 10 −3 M EDTA, pH 7.4) for DNA analysis and the same ratio of tissue and distilled water for RNA, protein, and free and peptidebound AA. Total proteins were measured by the method of Lowry et al. (1951) using a detergent-compatible protein assay (BioRad Laboratories, Hercules, CA) and BSA as standards. Deoxyribonucleic acid content was estimated by a fluorometric assay (Labarca and Paigen, 1980) , and RNA content was evaluated by colorimetric assay (Volkin and Cahn, 1954) .
Mucosal AA concentrations were determined by HPLC, using precolumn derivatization with PITC (Pierce Inc., Rockford, IL), coupled to a Waters solvent delivery system (Waters Corporation, Milford, MA). A Pico-Tag column (3.9 × 300 mm, Waters Corporation) was used. A specific gradient elution was performed at 46°C, using Pico-Tag eluent 1 and 2 (Waters Corporation) as the mobile phase, with a flow rate of 1.0 mL/ min. Norleucine (40 L, 1.25 mM) was added to 200 L of homogenate and 1 mL of trifluoroacetic acid/methanol (1:10 ratio). The homogenate was centrifuged (5,000 × g for 10 min). For free AA, the supernatant (155 L) was evaporated to dryness with a centrifuge evaporator (Heto-Holten AS, Gydevang, Denmark) for 3 h. Redrying solution (20 L of sodium acetate:methanol:triethylamine, 2:2:1) was added to each sample. Samples were dried with a centrifuge evaporator (HetoHolten AS) for 2 h. Derivatizing reagent (20 L of methanol:water:triethylamine:PITC, 7:1:1:1) was added to each sample. Methanol (20 L) was also added to each tube. After a reaction time of 10 min, samples were dried by evaporative centrifugation (Heto-Holten AS) for 3 h. To remove possible residues of PITC, methanol (20 L) was again added to each sample. Samples were then dried for 3 h by evaporative centrifugation (HetoHolten AS) and rehydrated with diluent solution (200 L of PIC-Tag solution:methanol, 4:1). Then, samples (20 L) were directly injected into the column using a Water 2690 separation module (Waters Corporation). Amino acids were detected after HPLC separation with a Waters 486 absorbance detector (Waters Corporation) at 254 nm. Peak area analyses for AA were performed by Millennium Chromatography Manager Software (Waters Corporation).
Concentrations of peptide-bound AA were determined according to the method proposed by Rémond et al. (2000) for sheep plasma. Specifically, 500 L of supernatant, from the mucosal homogenate used to determine free AA concentration, was added to 500 L of water and filtered through a 3,000 molecular weight cut-off filter (Centricon-YM3, Millipore, Bedford, MA) at 7,500 × g for 4 h at 4°C. The filtrate was evaporated to dryness by evaporative centrifugation (Heto-Holten AS) for 6 h. The residue was resuspended in 1 mL of 6 N HCl and hydrolyzed at 115°C for 24 h. The hydrolysate was filtered through a 0.45-m syringe filter and evaporated to dryness for 6 h. The residue was resuspended in 0.5 mL of methanol and directly analyzed as described for free AA. Peak analysis of Asp and Glu in hydrolyzed samples could not be done with exactness; thus accurate determination of these AA concentrations was not possible. Peptide-bound AA were derived from the difference between posthydrolysis and prehydrolysis (free AA) AA concentrations.
Enzyme Analyses
Peptidase activities were measured spectrophotometrically at 410 nm as described by Sangild et al. (1995) . Briefly, frozen intestinal tissue was minced finely, extracted in 1% Triton X-100 (6 mL/g of tissue), homogenized with a tissue homogenizer (Ultra-Turrax T27) on ice, and centrifuged at 13,000 × g for 1 h. The supernatant was used for enzyme analysis. Aminopeptidase N activity in mucosa (dilution 1:500) was measured using 10 mM L-alanine-4-nitroanilide (Sigma-Aldrich Co.) as the substrate and 50 mM Tris-HCl, pH 7.3, as the buffer at 37°C for 20 min. Dipeptidyl peptidase IV activity in mucosa (dilution 1:100) was measured using 15 mM L-glycyl-L-proline-4-nitroanilide (Sigma-Aldrich Co.) as the substrate and 50 mM Tris-HCl, pH 8.0, as the buffer at 37°C for 20 min. Results were compared using a Growing pigs were fed corn-soybean meal diets containing varied protein concentrations and CAA: 16.1% was a corn-soybean meal diet without CAA, and the 12.8, 10.1, and 7.8% were reduced-CP diets supplemented with CAA to meet true ileal digestible requirements (NRC, 1998). specific blank obtained with a substrate and specific buffer mix.
Morphometric Analysis
For morphometric analysis, fixed intestinal samples were embedded in paraffin, sectioned at 6 m, and stained with eosin and hematoxylin. Histochemical sections were observed with a Nikon Optiphot-2 microscope (Nikon, Melville, NY), and digital images were captured using Image-Pro Plus software, version 3.0 (Media Cybernetics, Silver Spring, MD). Villus height, midvillus width, and crypt depth were measured in a minimum of 10 well-defined villi and crypts in the duodenum, jejunum, and ileum (Houle et al., 1997) .
Feed Analysis
Feed samples were finely ground using a sample mill (Cyclotec 1093, Foss Tecator, Sweden) . Total N was determined with a N analyzer (Fp-2000, Laboratory Equipments Corporation, St. Joseph, MI) using EDTA as a calibration standard. Samples of feed were hydrolyzed in 6 N HCl at 110°C for 24 h, before analysis by reverse-phase HPLC as previously described for analysis of free AA. Norleucine was added as an internal standard before hydrolysis. Determination of Trp and sulfur AA concentrations was performed at the Missouri Agricultural Experiment Station Chemical Laboratories (University of Missouri-Columbia). Briefly, Trp was determined by colorimetric assay after enzymatic digestion. Sulfur AA were determined according to AOAC (2000) . Starch analysis was performed using an adaptation of the method of Karkalas (1985) . Briefly, samples were gelatinized with 50% NaOH, hydrolyzed with HCl and amylase, and absorbance was read at 450 nm.
Statistical Analysis
Data were analyzed as a randomized complete block design using the MIXED procedure of SAS (SAS Inst. Inc., Croy, NC). The model was: Y ijk = + B i + L j + D k + e ijk , where Y ij = the dependent variable, = mean of the variable, B i = initial BW (block), L j = litter, D k = dietary treatments, and e ijk = residual error. Relationships between dietary CP concentrations and animal growth, intestinal growth, or intestinal AA concentrations (free and peptide form) were determined using orthogonal polynomials (linear, quadratic, and cubic). Significant differences and tendencies for differences were determined at P values of < 0.05 and < 0.1, respectively.
RESULTS
Body Weight Gain
Dietary CP concentration did not affect ADFI during the experimental period (Table 3) . However, reducing dietary CP resulted in a linear decrease in overall ADG, G:F, and final weight (P < 0.05).
Intestinal Mucosal Composition and Morphology
Reducing dietary CP concentration did not affect intestinal and mucosal weights across the different regions of the small intestine (Table 4 ) except for ileal weight, which tended to be heavier in pigs fed the 7.8% diet compared with that in pigs fed other diets (linear, P = 0.087). In the duodenum, there were no differences among dietary treatments in intestinal protein, RNA, and DNA contents (Table 4 ). In the jejunum, mucosal protein concentration decreased (quadratic, P < 0.05), and mucosal DNA concentration tended to decrease (linear, P = 0.085; Table 4) as dietary CP decreased. In the ileum, only protein concentration (linear, P = 0.062) tended to decrease as dietary CP decreased. Reduction of dietary CP concentration from 16.1 to 7.8% tended to decrease (linear, P < 0.10) the crypt depth (Table 4) and decreased (linear, P < 0.05) villus width in the duodenum and jejunum. In the jejunum, villus height/ crypt depth (V/C) ratios increased with reduction of dietary CP concentration (linear, P < 0.05). However, villus height and villus surface area in duodenum and jejunum were not affected by reduction of dietary CP Growing pigs were fed corn-soybean meal diets containing varied protein concentrations and CAA: 16.1% was a corn-soybean meal diet without CAA, and the 12.8, 10.1, and 7.8% were reduced-CP diets supplemented with CAA to meet true ileal digestible requirements (NRC, 1998). concentration. In the ileum, intestinal morphology responses did not differ among dietary treatments, but villus height of pigs fed 12.8, 10.1, and 7.8% diets was numerically reduced by 29, 9, and 18% CP, respectively, compared with that of pigs fed the 16.1% CP diet (linear, P = 0.125). Reducing dietary CP decreased dipeptidyl peptidase IV and aminopeptidase N activities in the duodenum (linear and cubic for Figure 1 and 2, respectively, P < 0.05) but not in the jejunum or ileum.
The reduction of dietary CP concentration led to lower liver weight ( Table 4 ) compared with that of pigs fed the 16.1% diet (linear, P = 0.072). Relative liver weight (liver weight/BW) of pigs fed the 10.1 and 12.8% diets was reduced compared with that of pigs fed the 16.1% diet but was not affected in pigs fed the 7.8% diet (quadratic, P = 0.093).
Intestinal Mucosal Concentrations of Free and Peptide-Bound Amino Acids
Duodenum. Reduction of dietary CP concentration increased the concentration of free Ala (linear, P = 0.062) and Gly (quadratic, P < 0.05; Table 5 ). Concentrations of other free dispensable AA did not differ among dietary treatments. Reduction of dietary CP concentration increased concentrations of free Lys, Met, and Thr Figure 1 . Dipeptidyl peptidase IV activity in the duodenum, jejunum, and ileum of growing pigs. Growing pigs were fed corn-soybean meal diets containing varied protein concentrations and crystalline AA (CAA): 16.1% was a corn-soybean meal diet without CAA, and the 12.8, 10.1, and 7.8% were reduced-CP diets supplemented with CAA to meet true ileal digestible requirements (NRC, 1998). *Linear effect of dietary treatment, P < 0.05. Values are means ± SEM for 6 pigs.
(linear, P < 0.05) but had no effect on other free indispensable AA. Concentrations of total free AA in duodenal mucosa of pigs fed the 16.1% diet were 25% lower compared with that of pigs fed reduced-CP diets (quadratic, P = 0.095). In the duodenum, concentration of Figure 2 . Aminopeptidase N activity in the duodenum, jejunum, and ileum of growing pigs. Growing pigs were fed corn-soybean meal diets containing varied protein concentrations and crystalline AA (CAA): 16.1% was corn-soybean meal diet without CAA, and the 12.8, 10.1, and 7.8% were reduced-CP diets supplemented with CAA to meet true ileal digestible requirements (NRC, 1998) . *Cubic effect of dietary treatment, P < 0.05. Data are means ± SEM for 6 pigs.
peptide-bound Lys and Thr increased with reduction of dietary CP, reaching maximal concentrations in the 12.8 and 10.1% diets (quadratic, P < 0.05 for Lys, and P = 0.091 for Thr).
Jejunum. Reduction in dietary CP concentration had no effect on the majority of free dispensable and indispensable AA concentrations but decreased Cys (linear, P < 0.05) and tended to reduce concentrations of free Asn and His (linear, P < 0.10), and Gly (quadratic, P = 0.091; Table 6 ). Reduction of dietary CP concentration tended to lower concentrations of peptide-bound His, Ile, Leu, Val, and total indispensable AA (linear, P < 0.10; except for His, quadratic, P = 0.061).
Ileum. Concentrations of free Asn, Ser, and Tyr decreased with reduction in dietary CP concentration (linear, P < 0.05; Table 7 ). Reduction of dietary CP concentration from 16.1 to 7.8% resulted also in a linear decrease in concentrations of free Arg, His, and Phe (linear, P < 0.05) and a tendency to reduce Leu, Trp (linear, P < 0.10), and Val concentrations (quadratic, P = 0.062). Concentration of free Thr increased with reduction in dietary CP concentration (quadratic, P < 0.05). Total and indispensable AA concentration did not decrease with reduced-CP diets. For peptide-bound AA, concentrations of Gly and Ser decreased with reduction of dietary CP concentration (linear, P < 0.05). Concentrations of 5 indispensable peptide-bound AA (His, Ile, Leu, Lys, Phe, Val) decreased with reduction of dietary CP concentration (linear, P < 0.10; except for His, quadratic, P = 0.062 and for Lys, linear, P < 0.01). The concentration of peptide-bound Tyr tended to increase with reduction of dietary CP (quadratic, P = 0.098).
DISCUSSION
In growing pigs fed diets reduced in CP, normal growth and N retention can be maintained when CAA are included. However, whole-body growth cannot be sustained when dietary CP is severely restricted (Gomez et al., 2002; Zervas and Zijlstra, 2002; Otto et al., 2003) . In this study, moderate reduction in CP from 16.1 to 12.8% with inclusion of CAA reduced overall growth performance by 10%, whereas severe reduction to 10.1 and 7.8% reduced overall ADG and G:F by approximately 16 and 30%, respectively, despite inclusion of CAA that met true ileal digestible AA requirements. Thus, we asked if the limitation of whole body growth could in part be explained by changes in intestinal mucosal growth, morphology, and AA profile (free and peptide-bound), which in turn may have an impact on the absorption and use of nutrients by peripheral tissues.
In the duodenum, despite reduction of crypt depth and villus width, mucosal DNA and protein contents remained unchanged as CP concentration decreased, agreeing with Sève et al. (1993) , who reported no change in duodenal protein synthesis rate and protein concentration in pigs fed reduced-CP diets. In parallel, greater Values are means for n = 6 pigs.
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Data are expressed as nanomoles per centimeter of intestinal length (nmol of AA/g of mucosa) × (g of mucosa/cm of intestinal length).
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Growing pigs were fed corn-soybean meal diets containing varied protein concentrations and CAA: 16.1% was a corn-soybean meal diet without CAA, and the 12.8, 10.1, and 7.8% were reduced-CP diets supplemented with CAA to meet true ileal digestible requirements (NRC, 1998). After hydrolysis, these AA were not detected in mucosal samples.
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Peak of Asp and Glu in hydrolyzed mucosal samples could not be analyzed with exactness; thus, accurate determination of these AA concentrations was not possible. 8 Means of total and indispensable free AA did not include Gln, Asn, Glu, Asp, Cys, Met, and Trp.
contents of free Lys, Met, and Thr, with no change in peptide-bound AA contents with decreasing dietary CP indicate that AA availability, free and peptide-bound, to the brush-border membrane of the duodenal mucosa was not limiting. Unlike duodenal mucosa, protein metabolism of the jejunal and ileal mucosa was modified in response to feeding reduced-CP + CAA diets as indicated by a decrease in protein concentration. Similarly, nutritional protein deficiency without supplementation of indispensable AA reduces protein synthesis rate and protein content Dudley et al., 1997; 2001) . Feeding stimulates protein synthesis in the jejunal mucosa in the neonatal pigs (Burrin et al., 1995; Davis et al., 1996) , indicating that nutrients (e.g., AA) absorbed through the intestinal mucosa can control directly or indirectly protein synthesis in visceral tissues. On the other hand, parenteral infusion of AA increases protein synthesis in the liver and pancreas of piglets (Davis et al., 2002) but results in lower protein synthesis in the jejunal mucosa (Dudley et al., 1998; Bertolo et al., 1999) , which in turn is associated with significant reduction in mucosal-free AA concentrations (Bertolo et al., 2000) . In this study, jejunal mucosa of pigs fed reduced-CP + CAA diets had lower concentrations of peptide-bound indispensable AA, but free AA contents, except for Cit and Orn, remained largely unaffected. Daenzer et al. (2001) showed that dietary protein-bound Lys and Leu are used more efficiently for distal small intestinal mucosal protein synthesis than dietary free Leu and Lys. The fact that free Lys and Thr are absorbed more rapidly than protein-bound dietary Lys and Thr as reported by Yen et al. (2004) may reflect a difference in mucosal use and, consequently, portal appearance. Thus in this study, the decrease in protein- Table 6 . Jejunal mucosal concentrations of free AA and peptide AA of growing pigs fed corn-soybean meal-based diet and reduced-CP diets supplemented with crystalline AA (CAA) Values are means for n = 6 pigs. Growing pigs were fed corn-soybean meal diets containing varied protein concentrations and CAA: 16.1% was a corn-soybean meal diet without CAA, and the 12.8, 10.1, and 7.8% were reduced-CP diets supplemented with CAA to meet true ileal digestible requirements (NRC, 1998). 4 Linear.
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Quadratic.
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After hydrolysis, these AA were not detected in mucosal samples.
7
Peak of Asp and Glu in hydrolyzed mucosal samples could not be analyzed with exactness; thus, accurate determination of these AA concentrations was not possible. 8 Means of total and indispensable free AA did not include Gln, Asn, Glu, Asp, Cys, Met, and Trp. bound AA availability to the lower small intestinal mucosa contributed to the decrease in jejunal mucosa protein content.
In contrast to the duodenum and jejunum, decreases in both peptide-bound and free AA associated with decreasing dietary CP were observed in the ileal mucosa. A parallel tendency for reduction in villus height was observed, but like in jejunum, no significant reduction in villus surface area, aminopeptidase N, and dipeptidyl peptidase IV activities were noted. Thus, whereas total AA availability to the ileal mucosa may have to a small extent limited the maintenance of villus morphological integrity, absorption surface area and enzymatic activity of the ileal and also duodenal and jejunal mucosa remained unaffected. The metabolic events governing how AA directly or indirectly affect intestinal morphology are unknown. Dietary AA are utilized for protein synthesis, but also as an important energy source for the intestinal mucosa, and are precursors for intestinal synthesis of glutathione, purine, and pyrimidine nucleotides, and AA (Reeds et al., 1996; Bertolo et al., 1999; Stoll et al., 1999) . In fact, only 18, 21, 18, and 12% of the total first-pass metabolism of Lys, Leu, Phe, and Thr, respectively, were recovered in the mucosal intestinal protein of piglets (Stoll et al., 1998) . For dispensable AA, the proportional appearance of dietary AA in portal blood indicates that the portal-drained viscera utilize almost completely enteral Glu, Asp, and Gln (Reeds et al., 1996; Stoll et al., 1998 Stoll et al., , 1999 . In our study, the mucosal concentration of major energy substrates (free Glu, Gln, Asp) were not affected in spite of reduction of dietary ileal dispensable AA concentrations from 80.5 to 26.5% between 16.1 and 7.8% diets, indicating that other substrates may compensate to some extent in supplying energy to the intestinal mucosa. For instance, Van der Schoor et al. (2001) have shown that Values are means for n = 6 pigs.
2
3
7
visceral Leu and Glu oxidations were largely suppressed and glucose oxidation increased by 50% of the total visceral CO 2 production during reduced-protein intake in pigs.
Growth performance was limited in particular when protein was severely reduced. However, some of the intestinal morphological and biochemical measurements indicated that changes were already occurring with only moderate reduction (16.1 to 12.8%) in dietary CP. Additionally, the relationship between dietary CP reduction and some of the intestinal composition measurements was curvilinear, with increasing values with extreme protein reduction (16.1 to 7.8%). Thus, the physiological significance of alteration in intestinal morphology and biochemical processes remains unclear. Admittedly, some measurements were more variable than others; hence the number of animals may have limited acquisition of a complete picture of the relationship between dietary protein-bound AA with CAA and intestinal physiological processes. Nonetheless, the data are novel and indicate that some physiological changes occurred with replacement of limiting indispensable protein-bound AA with a free crystalline source within a specific dietary CP range (16.1 to 10.1%), despite dietary provision of CAA that met ileal digestible requirements for growth. Intestinal use of free AA may thus be limited, as previously discussed.
In conclusion, partial replacement of protein-bound AA with CAA in reduced-CP diets led to lower mucosal protein content in the jejunum and ileum, but not in the duodenum, indicating a modification of protein metabolism in the lower proximal and distal small intestine. Correspondingly, peptide-bound AA concentration in both the jejunal and ileal mucosa decreased, and the large majority of free AA concentrations decreased in the ileal mucosa only. However, villus surface area, and aminopeptidase N and dipeptidyl peptidase IV activities in jejunal and ileal mucosa were not reduced, indicating that the absorption surface for nutrients remained unaltered. Furthermore, ileal mucosal morphology was largely unaffected despite a decrease in total AA (free and peptide-bound) availability. In contrast, whereas few biochemical changes occurred, some morphological changes were observed in the duodenal mucosa, despite that peptide-bound AA concentrations remained unaltered and the free AA concentrations increased. Results indicate that changes in mucosal morphology in the proximal small intestine, and protein content in the lower proximal and distal intestine occurred concurrently with a decrease in growth and feed efficiency. However, the results also indicate the AA form, i.e., free or peptide-bound, has little impact on mucosal morphology, and as such it should be recognized that other nutritional or nonnutritional factors might have contributed to the mucosal morphological changes observed in this study. Conversely, results indicate that mucosal protein content may depend on peptide-bound AA rather than free AA and may thus contribute to a decrease in global protein accretion under reduced-CP diets. Finally, the change in AA profile in intestinal mucosa as seen in this study, and the portal appearance profile of AA as demonstrated by Yen et al. (2004) in pigs fed reduced-CP diets with CAA, may have important consequences on postgut AA use by peripheral tissues, and consequently on the global protein accretion.
IMPLICATIONS
Reducing dietary protein-bound amino acid concentrations led to alteration of protein metabolism in the mid to lower small intestine, despite inclusion of indispensable crystalline amino acids. Nevertheless, the absorption surface for nutrients across all intestinal segments might be unaffected. The profiles of peptidebound and free amino acids were altered in the jejunum and ileum in reduced crude protein diets. These modifications may impair amino acid use by peripheral tissues, and thus reduce global protein synthesis. Finally, mucosal decrease of amino acids in animals fed reduced crude protein diets supplemented with crystalline amino acids merits further investigations with regard to the long-term impact on the maintenance of intestinal morphology.
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